to induce conformational changes in the SNAREs (Morgan and Burgoyne, 1995). Lexington, Kentucky 40536 Sequence analysis and limited proteolysis experiments indicate that NSF consists of an amino-terminal domain (N, 1-205) and two ATP-binding domains (D1, Summary 206-487 and D2, 488-752) (Wilson et al., 1989; Tagaya et al., 1993). The N domain is required for interactions N-ethylmaleimide-sensitive fusion protein (NSF) is a with the SNAPs and SNAREs .
Introduction
However, D2 mediates hexamerization of NSF, which is essential for NSF activity ; Flem-N-ethylmaleimide-sensitive fusion protein (NSF) is a cying et al., 1998), and hexamerization requires the prestosolic ATPase required for many intercompartmental ence of nucleotide (Hanson et al., 1997) . transport steps in both constituitive and regulated se-NSF belongs to a large family of Mg 2ϩ -dependent cretion (Rothman, 1994; Woodman, 1997; ATPases known as AAA proteins (ATPases associated Morgan, 1998). NSF was purified based on its ability to with various cellular activities) (Beyer, 1997; Patel and restore intercisternal Golgi transport to N-ethylmaleiLatterich, 1998) . AAA proteins are found in many organmide-treated membranes (Block et al., 1988) , and it was isms and have diverse functions, from proteolysis to shown to be homologous to the sec18 gene product membrane trafficking. Proteins in this family contain one required for a number of vesicular transport steps in or two copies of a 230-250 amino acid cassette that yeast (Eakle et al., 1988; Wilson et al., 1989; Graham and encompasses the Walker A and B motifs (Patel and Emr, 1991) . NSF binds to membranes through adaptor Latterich, 1998), but little is known about their precise proteins called soluble NSF attachment proteins (SNAPs), structure. which in turn bind to integral membrane proteins desigAs a first step toward understanding NSF function, nated SNAP receptors (SNAREs). NSF, SNAPs, and we have determined the crystal structure at 1.75 Å resoSNAREs form a complex that is believed to be part of lution of the D2 domain bound to the nonhydrolyzable a conserved membrane fusion machinery (Bennett and ATP analog 5Ј-adenyl-imido-triphosphate (AMPPNP) Rothman, 1994; Sü dhof, 1995) . The SNAPand Mg 2ϩ . The structure reveals the fold of the AAA SNARE complex disassembles upon ATP hydrolysis by cassette, the determinants of nucleotide binding and NSF (Wilson et al., 1992; Sö llner et al., 1993a; Nagiec et hexamerization, and suggests its relationship to the D1 al., 1995). Because SNARE proteins appear to be derived domain in full-length NSF. Analysis of the D2 structure from opposing vesicle and target membranes, NSFand its relationship to other AAA proteins provides a driven disassembly was originally proposed to drive the structural basis for understanding how ATP hydrolysis actual membrane fusion process (Sö llner et al., 1993a, is coupled to conformational changes in these proteins. 1993b). Recent studies, however, suggest that NSF acts
The structure also reveals a surprising similarity to the before membrane fusion to activate SNAREs for their clamp-loading subunit of E. coli DNA polymerase III (Guenther et al., 1997) , suggesting a close connection between these oligomeric ATPases. ‡ To whom correspondence should be addressed. Side chain angle-related B rmsd 3.7 Å 2 a Friedel mates treated as independent observations for all statistics. b Rmerge ϭ ⌺h⌺i|Ii(h) Ϫ ϽI(hϾ)|/⌺h⌺iIi(h), where Ii(h) is the i th measurement and ϽI(h)Ͼ is the weighted mean of all measurements of I(h). c Riso ϭ ⌺h||FEMP(h)|Ϫ|Fnative(h)||/⌺h|Fnative(h)| d Phasing power ϭ Ͻ|FH|Ͼ/E, where Ͻ|FH|Ͼ is the rms structure factor amplitude for the heavy atom and E is the estimated lack-of-closure error. e Rcryst and Rfree ϭ ⌺h||F(h)obs|Ϫ|F(h)calc||/⌺h|F(h)obs| for reflections in the working and test sets, respectively. f Numbers in parentheses are for final shell 1.83-1.75 Å . g As defined in PROCHECK (Laskowski et al., 1993) .
Results

Protomer Structure
The NSF D2 protomer consists of a nucleotide-binding Structure Determination domain (residues 505-676), followed by a helical domain Residues 495-752 of Chinese hamster ovary NSF (num-(677-750) . The first domain has the shape of a triangular bering according to Wilson et al. [1989] ) were expressed wedge characteristic of many nucleotide-binding proteins, in E. coli with an N-terminal His6 tag for purification.
with a central five-stranded parallel ␤ sheet flanked by ␣ Crystals grown in the presence of Mg 2ϩ and AMPPNP helices (Figures 1A, 1B, and 1C) . As in other nucleotidebinding proteins that have this structural motif, the are in the hexagonal space group P6, with one protomer in the asymmetric unit and the molecular and crystallobound AMPPNP lies in a crevice at the wide end of the wedge corresponding to the C-terminal edge of the ␤ graphic 6-fold axes coincident. The structure was determined by single isomorphous replacement with anomasheet. The second domain consists of four ␣ helices topped by two short antiparallel ␤ strands. The helical lous scattering (Table 1A and 1B) and by electron density modification methods. The refined model (Table 1C) domain lies in close apposition to the nucleotide-binding site and contributes several residues to nucleotide bindconsists of residues 505-750, one AMPPNP, one Mg 2ϩ , and solvent molecules. The first 24 and last 2 residues ing (see below). NSF D2 is remarkably and unexpectedly similar in of the expression construct are not visible and are presumably disordered.
topology and structure to the first two domains of the ␦Ј subunit of E. coli DNA polymerase III (Guenther et al., hydrophobic residues of strand ␤3 and Asp-611 immediately following the strand. The conserved Asp-611 binds 1997) ( Figure 1D ). Although ␦Ј is not a nucleotide-binding protein, it is homologous to the polymerase ␥ subunit, to Thr-558. These interactions are identical to those previously observed in P-loop protein-Mg 2ϩ nucleotide which is an ATPase required for loading the ␤ subunit onto DNA. The five ␤ strands, the P loop, and the followtriphosphate structures. AAA proteins contain variants of the "DEAD" box, a ing helix (␣2) that form the core of the nucleotide-binding domain of D2 and ␦Ј superimpose with a root-meanmodified Walker B motif first identified in RNA and DNA helicases (Linder et al., 1989; Koonin, 1993) . The first square deviation (rmsd) of 1.1 Å (50 C ␣ positions). The nucleotide-binding domain of D2 also resembles the residue is the conserved aspartate of the B motif, and the glutamate is highly conserved. The second two residues core of mitochondrial F1 ATPase (Abrahams et al., 1994) , DNA helicases (Subramanya et al., 1996; Korolev et al., are less well conserved, so we refer to this motif as the DExx box. In NSF D1, the DExx sequence is DEID 1997), and RecA (Story et al., 1992) ; for example, the five-stranded ␤ sheet, P loop, and ␣2 of D2 superimpose (residues 328-331), and mutation of Glu-329 to glutamine abolishes the ATPase activity and function of NSF on the equivalent residues in RecA with an rmsd of 1.2 Å (54 C ␣ positions). The second domain of ␦Ј, although Nagiec et al., 1995) . The corresponding sequence in D2, residues 611-614, is DDIE. it has only three helices, displays a spatial disposition with respect to the nucleotide binding-like domain simiAsp-612 is intimately involved in the binding site, where it positions two water molecules that interact with the lar to that observed in D2. Moreover, two of these helices occupy similar positions to those in the helical domain ␥-phosphate and the Mg 2ϩ ( Figures 2B and 2C ), but mutation of this residue to glutamine has no significant of D2: ␣7 and ␣9 of ␦Ј correspond roughly to ␣6 and ␣8 of D2, respectively. effect on NSF function Nagiec et al., 1995) , consistent with its minimal catalytic activity. Virtually all of the contacts between AMPPNP and D2 Nucleotide Binding occur within a single protomer. However, the binding The nucleoside-binding site of D2 differs from that seen site is close to the hexamer interface (Figure 3 ), and in other P-loop proteins. The adenine moiety adopts a one residue of an adjacent protomer, Lys-639, interacts syn conformation with respect to the ribose (Figures 2A directly with a ␥-phosphate oxygen of the nucleotide and 2B), rather than the anti conformation observed in as well as . It must be other P-loop proteins (Smith and Rayment, 1996) . The emphasized, however, that Lys-639 is not well ordered; ribose retains the typical C2Ј-endo conformation. Ilethe side chain 2F o ϪF c electron density is broken be-515 from the N-terminal loop and Ile-715 at the beginning tween C␦ and C⑀ at the 1.2 contour level, and the of helix 8 form a sandwich by packing on either side of density does not return in a simulated annealing omit the adenine ring ( Figures 2B and 2C ). Ile-516, in the map. Nonetheless, there is always density near the ter-N-terminal loop, and Leu-560, which immediately folminal amine (N). Placing Lys-639 in other conformations lows the conserved P-loop residues, contact the edges produced higher R values and negative peaks in F o ϪF c of the ring. The side chain of Ala-559 and the aliphatic maps. These observations suggest that Lys-639 is parportion of the Lys-716 side chain form van der Waals tially occupied in the conformation shown in Figure 2B , contacts with the ribose. In addition to these nonpolar and that a water molecule likely occupies the N position contacts, the exocyclic amine (N6) and N7 of adenine in a significant fraction of the molecules. Furthermore, form hydrogen bonds with the main chain carbonyl and Lys-639 is not conserved in other AAA proteins, includamide groups of Ile-516. N1 of adenine also forms a ing the NSF ortholog Sec18p. hydrogen bond with a water molecule that is positioned by Trp-518 and the main chain of Ser-555 of the P loop.
Hexamer Structure Residues 513 and 514 of the N-terminal loop also form
The D2 hexamer has the overall appearance of a pinseveral hydrogen bonds with the 2Ј and 3Ј-OH groups wheel ( Figures 3A, 4A , and 4B), consisting of a regular of the ribose. The observed interactions provide an exhexagon formed from the triangular nucleotide-binding planation for why GTP binds poorly to D2 (Matveeva et domains, and protrusions formed by the helical doal., 1997): the main chain carbonyl oxygen of Ile-516 mains. Ignoring the protrusions, the hexamer is approxiwould be incompatible with the exocyclic carbonyl oxymately 97 Å wide, but when the helical domain is considgen of guanine, and the exocyclic amine of guanine would ered, the molecule is 116 Å wide ( Figures 4A and 4B ). sterically clash with the main chain at position 556.
The thickness also varies from 21 Å to 40 Å (Figure In contrast to the unusual mode of nucleoside binding, 4C). The inner hole is about 18 Å in diameter. These the triphosphate-binding portion of D2 is very similar to dimensions agree well with electron microscopic imother proteins containing Walker A and B motifs (Figures ages of NSF and its homolog p97 (Peters et al., 1992; 2B and 2C). The P loop (A motif) connects strand ␤1 to Whiteheart and Kubalek, 1995; Hanson et al., 1997) . helix ␣2 and forms several hydrogen bonds with the Studies with full-length, D1-D2, and D2 constructs have triphosphate moiety of AMPPNP. The P-loop backbone led to the conclusion that in the presence of nucleotide, and the conserved residues Lys-557 and Thr-558 adopt D1 and D2 form 120-130 Å diameter rings that sit on conformations very similar to those observed in other top of one another (Hanson et al., 1997) . Along the c proteins. The side chain of Lys-557 forms hydrogen axis of the crystal, two adjacent unit cells (total length bonds with ␤-and ␥-phosphate oxygen atoms, and Thr-80.4 Å ) contain two hexamers stacked head-to-tail (Figure 4D ). The feet formed by the helical domain interact 558 coordinates the Mg 2ϩ . The B motif encompasses with the N terminus of the adjacent hexamer, giving rise (Fleming et al., 1998) , in contrast to earlier reports which suggested that NSF is a trimer . to a cavity similar to those seen in images of NSF and in p97. The sequence similary between D1 and D2 indi-
The hexamer described here is coincident with the crystallographic 6-fold axis. Space group P6 contains 3-fold cates that D1 will adopt a structure similar to that described for D2, so it seems likely that the stacking of and 2-fold rotational symmetry axes parallel to the 6-fold axis, so we considered the contacts between protomers hexamers in the crystal lattice reflects the organization D1 and D2 in the nucleotide-bound state of NSF.
related by these symmetries. Most strikingly, there are no contacts between 3-fold symmetry-related protoThe triangular shape of the nucleotide-binding domain is exploited in assembling the hexamer, with two of mers in the lattice. Adjacent hexamers in the lattice pack through the interactions of helices ␣6 and ␣7 across a the three sides of the wedge forming interfaces with neighboring protomers (Figure 3 ). The C-terminal end 2-fold axis, in a very small interface compared to that between protomers related by 6-fold rotational symmeof ␣1 and the subsequent turn, and helices 3, 4, 5, and the turns that follow them form one side of the wedge.
try. These observations, along with the agreement of the crystallographic and electron microscopic images The other side consists of ␣8 and the loops between ␤3 and ␣4, between ␤2 and ␣3, and between ␤4 and of D2, indicate that the hexamer in the crystal represents the oligomeric structure found in solution. ␣5. This side also includes part of the ATP-binding site, which is of interest because nucleotide binding appears to stabilize hexameric interactions in NSF: in the abRelationship to Other AAA Domains An alignment of representative AAA sequences based sence of nucleotide, D1 is splayed apart from the D2 hexamer ring, and prolonged incubation in the absence on the D2 structure is shown in Figure 5 . The alignment is based principally on hydrophobic interactions that of nucleotide dissociates D2 (Hanson et al., 1997) . The extended loop between ␤3 and ␣4 is especially impordefine the core of the molecule and certain nucleotidebinding residues, and it avoids gaps in regions of regular tant as it participates in contacts with both adjacent protomers, forming the inner hole of the hexamer. The secondary structure. Although there are almost no invariant residues, the hydrophobic amino acids that form interfaces between protomers in the hexamer are extensive and specific. Each protomer buries 2500 Å 2 , or apthe core of the structure can for the most part be aligned. The five ␤ strands, the first five helices that pack against proximately 20%, of its solvent-accessible area, upon hexamer formation. The hexamer interface is mixed in the ␤ sheet, and residues involved in nucleotide binding are convincingly conserved. Not surprisingly, the secharacter, containing many nonpolar contacts, hydrogen bonds, salt bridges, and water-mediated hydrogen quence identity is best in the conserved P loop, the DExx box, and a stretch of "minimal consensus" resibonds ( Figure 3B ).
The D2 hexamer displays a polarized charge distribudues found in AAA proteins (Patel and Latterich, 1998) that encompass strand 4 and helix 5. Certain elements tion. The side nearest the N terminus is basic ( Figure  4A ), whereas the side containing the C terminus is acidic of the nucleotide-binding fold are likely to differ in detail. For example, the presence of several proline residues in character ( Figure 4B ). The location of the N terminus implies that D1 stacks on the basic side of the D2 hexin the region corresponding to ␣1 of D2 suggests that this helix is substantially shortened, kinked, or split into amer. These observations may indicate that electrostatic or polar interactions contribute to the D1-D2 intertwo contiguous helices in other AAA proteins. Likewise, it appears that helix 3 may be shorter by one turn in face. However, a substantial cavity exists between the domains in electron micrographs (Hanson et al., 1997) other family members. In contrast to the nucleotidebinding fold residues 505-676, the alignment of the and between D2 hexamers in the crystal ( Figure 4D ), such that the electrostatically compatible surfaces may C-terminal helical domain of D2 with other AAA proteins, including D1, is less certain, which may indicate subnot be in direct contact. Nonetheless, there may be differences in the structure of C-terminal helical domain stantial differences in this region of the structure. Despite the fact that many AAA proteins form hexaof D1 with respect to that observed in D2 (see below) that could give rise to more extensive polar interactions mers, the residues that define the hexamer interface are not particularly well conserved, and there is no obvious between the two domains. The notion that polar interactions mediate the contact between the two ATPase do-"hexamerization signature" that defines these interfaces. Thus, the general architecture of the D2 hexamer mains is consistent with the large and reversible conformational changes that occur upon loss of nucleotide by is probably common to hexameric AAA proteins, but the details of the interprotomer interfaces are likely to vary. D1 (Hanson et al., 1997) ; a well packed, hydrophobic interface would not be expected to allow a major reorienThis would account for the different sizes of the inner hole found in images of NSF and p97 (Peters et al., 1992 ; tation of D1 with respect to D2.
Full-length NSF and D2 have recently been shown by Whiteheart and Kubalek, 1995; Hanson et al., 1997) . Moreover, although D1 appears to form a ring of similar a variety of physical methods to be hexameric in solution size to D2 in nucleotide-bound NSF, it does not oligopocket in D2 that gives rise to the unusual syn conformation of the adenosine moiety also appears to be conmerize by itself , demonstrating that there are significant differences in interprotomer served. The side chains that contribute to the hydrophobic packing interactions that define the pocket are interactions between D1 and D2.
NSF D2 has an extremely high affinity for adenine conserved in character, with the exception of Ile-516, which is often replaced with a polar residue ( Figure 5 ). nucleotides, with Kd's of approximately 40 nM for ATP and 2 M for ADP (Matveeva et al., 1997) . In contrast, Moreover, Gly-514, whose main-chain conformation helps to define the shape of the adenine-binding pocket, D1 binds to ATP and ADP with estimated K d 's of 40 M and 140 M, respectively (Matveeva et al., 1997) . The is well conserved. A noteworthy feature is the presence of an alanine at position 562 in ␣2 that packs against triphosphate-binding residues are largely conserved among the AAA proteins (Figure 5 ), except for Thr-653, Ile-511 of the N-terminal loop. This interaction appears to be conserved in Sec18p D2, but the alanine is rewhich in D2 positions a water molecule that ligates the Mg 2ϩ ( Figures 2B and 2C) . The nucleoside-binding placed by basic residues in many other AAA proteins, including D1. It is possible that one or more of these give a metaphosphate-like transition state, whereas an sequence differences in or near the binding site gives associative mechanism features significant bond formarise to the high nucleotide affinity of D2.
tion with the incoming water to give a trigonal bipyramidal transition state. In the latter case, a catalytic base must activate water for nucleophilic addition. In D2, the Discussion water molecule that interacts with Ser-655 and a ␥-phosphate oxygen (wat 241 ; Figures 2B and 2C ) occupies a Nucleotide Hydrolysis position very similar to that of the proposed catalytic NSF D2 displays little or no ATPase activity, but its water in p21 ras (Pai et al., 1990) , but, as in p21 ras , there homology to D1 indicates that the interactions observed are no acidic residues associated with it. It has been here can be used as a guide to understanding the mechsuggested that the ␥-phosphate serves as the catalytic anism of the catalytically active D1. It is also of interest base (Schweins et al., 1995) in p21 ras . The glutamate of to understand why D2 is such a poor ATPase despite the DExx motif has also been proposed to be a catalytic the conservation of its nucleotide-binding site. To do base (Subramanya et al., 1996; Korolev et al., 1997) , but so, the structure can be examined in light of various no structures of an ATP-bound DExx-box protein have proposals concerning the catalytic mechanism of DExx been reported. The DExx-box glutamate in D1 is essenbox and other nucleoside triphosphatases. Hydrolysis tial for NSF activity ; Nagiec et requires bond formation with a water molecule and al., 1995). Modeling the equivalent glutamate at position breakage of the ␤-␥ P-O bond. In a dissociative mechanism, the bond to the leaving group is almost broken to 612 of D2 does not reveal an interaction with wat 241 , but Representatives from several classes of AAA proteins are shown. Regions of AAA proteins corresponding to NSF D2 are shown in the upper block, and NSF D1 and its homologs are shown in the bottom block. On the line above the D2 block, elements of secondary structure are indicated. *, key buried hydrophobic positions; ϩ, other residues that contribute to the hydrophobic core; n, residues that participate in nucleotide binding; h, residues in the hexamer interface that directly interact with residues of another protomer (based on hydrogen bond distance cutoff of 3.4 Å and van der Waals distance cutoff of 4.0 Å ). The sequences and their EMBL accession numbers are NSF, Chinese hamster ovary NSF (X15652); Sec18p, the NSF ortholog of Saccharomyces cerevisiae (Z35949); Cdc48p from Saccharomyces cerevisiae, an NSF homolog involved in ER and Golgi membrane fusion and biogenesis (Z74174); p97 from Xenopus laevis, the ortholog of Cdc48p (X54240); Pex1p from Saccharomyces cerevisiae, involved in peroxisome biogenesis (Z28197); and Sug1p from Saccharomyces cerevisiae, a proteosome component (Z72570).
the glutamate might interact with other water molecules His-554 and a ␥-phosphate oxygen ( Figures 2B and 2C ). In other P-loop proteins, the main-chain amide at this in the vicinity. The implicit assumption of a strictly associative transition state in models requiring a catalytic position interacts with the ␤-␥ bridge oxygen. It has been proposed that this interaction has an important base has been questioned (Maegley et al., 1996) , and the role of the DExx-box glutamate may instead be to role in catalysis by stabilizing the negative charge that would develop at this position in a dissociative transition position the attacking water molecule, perhaps through other water molecules.
state (Maegley et al., 1996) . In this case, the absence of this interaction may contribute to the poor catalytic Several other features of the binding site may relate to the poor activity of D2. The importance of basic residues rate of D2. It is also possible that the presence of NH instead of O in the ␤-␥ phosphate bridge of AMPPNP near the phosphate oxygens, which would stabilize negative charge in an associative transition state or serve produces this unusual interaction, but the similarity of the rest of the site to other P-loop proteins and the fact to position reactants, has been noted in G proteins (Coleman et al., 1994; Sondek et al., 1994) , F1 ATPase that the bridging NH lies near the backbone amide in the GMPPNP complex of p21 ras (Pai et al., 1990 ) argue (Abrahams et al., 1994) , and many other enzymes. D2 does not share this feature, but sequence alignments against this possibility. Finally, it is not known if nucleotide hydrolysis or release is rate limiting, but it is possible do not reveal basic residues near the site in D1 and other catalytically active AAA proteins. In D2, the only that the poor catalytic rate of D2 reflects its extremely high nucleotide affinity relative to D1 (Matveeva et al., basic residues near the site other than Lys-557 of the P loop are the partially occupied Lys-639 from an adjacent 1997). protomer and Lys-716 from ␣8, neither of which is conserved. Moreover, Lys-716 forms nonpolar interactions Coupling of Nucleotide Hydrolysis and Structural Changes with the nucleotide, but its terminal amine is positioned well away from the nucleotide. Another unusual feature To understand the mechanism by which NSF dissociates the SNAP-SNARE complex, including the role of of D2 is the hydrogen bond between the main-chain of oligomerization, structures of the full molecule in the a well-ordered structure is suggested by the extreme sensitivity of full-length NSF to proteases in the absence ATP and ADP-bound states will be required. There is no conclusive evidence that D2 can hydrolyze ATP or of nucleotide or in the presence of ADP (Hanson et al., 1997) . that the structure of ADP-bound D2 is significantly different from the ATP-bound molecule. Nonetheless, the hoConcerted action of NSF subunits triggered by ATP hydrolysis may be required to achieve disassembly of mology of D2 to D1 and other AAA cassettes allows us to identify three regions of the structure whose conforthe SNAP-SNARE complex. The SNAP-SNARE complex appears to bind along the 6-fold axis of NSF (Hanson mations in D1 are likely to be sensitive to the state of the bound nucleotide, and that may be able to transmit et al., 1997), suggesting that it interacts with each of the NSF protomers. Moreover, oligomers containing conformational changes across the hexamer interfaces in the D1 ring or to the other domains of NSF. First, a mixtures of active and inactive D1 domains fail to support the transport activity of NSF, suggesting that NSF portion of the P loop lies in the hexamer interface ( Figure  3B ). In other proteins, for example transducin and Gi ␣ requires a full complement of active D1 domains Nagiec et al., 1995) . It is interesting (Lambright et al., 1994; Mixon et al., 1995) , nucleotide hydrolysis leads to significant movements of the P loop.
that several helicases, which are likely to have a RecAlike nucleotide-binding fold (Bird et al., 1998) , are homoSecond, the DExx-box region lies immediately N-terminal to the long loop between ␤3 and ␣4 that forms many hexamers (Egelman, 1996) . Like NSF, the heterohexameric mitochondrial F1 ATPase contains both active and interprotomer contacts. The direct involvement of these residues in binding to the ␥-phosphate (Figures 2B and inactive ATPase domains, the latter of which are thought to act as mechanical couplers (Abrahams et al., 1994; 2C) indicates that the structure of this region might be sensitive to the state of the bound nucleotide. Third, Boyer, 1997) . The clamp loader of DNA polymerase III (Guenther et al., 1997) functions as a heterooligomer helix ␣8 contributes several residues to nucleotide binding and also contains several hexamer interface residues and requires active (␥) and inactive (␦Ј) subunits. By homology to ␦Ј, helix 9 of ␥ (equivalent to ␣8 of D2) is ( Figures 2B, 3B , and 5).
The participation of several residues of ␣8 in nucleonear the ATP-binding site and has been proposed to transduce changes resulting from nucleotide hydrolysis tide binding suggests that the equivalent helix in D1 is a principal site of transmission of hydrolysis-induced into the conformational changes required to load the ␤ clamp onto DNA (Guenther et al., 1997) . By analogy conformational changes in NSF, possibly by reorientation with respect to the nucleotide-binding domain upon to these examples, the D2 hexamer may mechanically couple conformational changes produced when D1 hyhydrolysis. Such movements have precedent in other ATP-binding proteins, for example adenylate kinase drolyzes ATP. Finally, the similarity of D2 to the clamploading ATPase, and the presence of a RecA-like core (Gerstein et al., 1993) , and are believed to be essential elements of the coupling between ATP hydrolysis and in their nucleotide-binding domains, suggests an evolutionary relationship among these oligomeric ATPases helicase activity in DExx-box helicases (Subramanya et al., 1996; Korolev et al., 1997 Table 1A .
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